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Thalamocortical axons (TCAs), which originate in dorsal thalamus, project ventrally in diencephalon and then dorsolater-
ally in ventral telencephalon to their target, the neocortex. To elucidate potentially key decision points in TCA pathfinding
and hence the possible localization of guidance cues, we used DiI-tracing to describe the initial trajectory of TCAs in mice.
DiI-labeled TCAs extend ventrally on the lateral surface of ventral thalamus. Rather than continuing this trajectory onto
the lateral surface of the hypothalamus, TCAs make a sharp lateral turn into ventral telencephalon. This behavior suggests
that the hypothalamus is repulsive and the ventral telencephalon attractive for TCAs. In support of this hypothesis, we find
that axon outgrowth from explants of dorsal thalamus is biased away from hypothalamus and toward ventral telencephalon
when cocultured at a distance in collagen gels. The in vivo DiI analysis also reveals a broad cluster of retrogradely labeled
neurons in the medial part of ventral telencephalon positioned within or adjacent to the thalamocortical pathway prior to
or at the time TCAs are extending through it. The axons of these neurons extend into or through dorsal thalamus and appear
to be coincident with the oppositely extending TCAs. These findings suggest that multiple cues guide TCAs along their
pathway from dorsal thalamus to neocortex: TCAs may fasciculate on the axons of ventral telencephalic neurons as they
extend through ventral thalamus and the medial part of ventral telencephalon, and chemorepellent and chemoattractant
activities expressed by hypothalamus and ventral telencephalon, respectively, may cooperate to promote the turning of
TCAs away from hypothalamus and into ventral telencephalon. © 1999 Academic Press
Key Words: axon guidance; axon scaffold; dorsal thalamus; globus pallidus; hypothalamus; internal capsule; perireticular
cells; ventral telencephalon; ventral thalamus.
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Growth cones use multiple guidance cues that act at a
distance or locally to navigate to their targets within the
developing brain (Goodman, 1996). Long-range cues con-
sist of soluble molecules secreted by the intermediate or
final targets of advancing growth cones and are thought
to act at a distance by diffusing and establishing a
concentration gradient that growth cones advance either
up or down. In contrast, local cues consist of molecules
that are localized to the extracellular matrix surrounding
the cell that secretes them or are anchored to the cell
membrane and guide growth cones via a contact-
mediated mechanism. Diffusible and contact-mediated
guidance cues steer growth cones in one of two ways: by
repelling advancing growth cones and steering them
away from inappropriate regions along their pathway or
t
t
430y attracting growth cones and directing them toward
heir intermediate or final targets.
The major axon tract in the mammalian forebrain, the
nternal capsule, traverses the ventral telencephalon and
nterconnects neocortex with subcortical structures. The
nternal capsule is composed mainly of thalamocortical
nd corticothalamic axons. Thalamocortical axons origi-
ate in dorsal thalamus, extend ventrally through ventral
halamus, and turn dorsolaterally to extend through
entral telencephalon to their target, the neocortex.
orticothalamic axons originating in the neocortex take
similar, but opposite, path to their target, the dorsal
halamus. During development, these two projections
rst converge in the ventral telencephalon. Little is
nown about the cues that control the pathfinding of
halamocortical axons, although several studies suggest
hat axonal scaffolds may be involved. For example, it has
0012-1606/99 $30.00
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431Thalamocortical Axon Pathfindingbeen proposed that axons originating from cells within
the mantle zone derived from the ganglionic eminences
in the ventral telencephalon that project into dorsal
thalamus serve as a scaffold to guide thalamocortical
axons into the ventral telencephalon (Metin and Gode-
ment, 1996; Molnar et al., 1998). In addition, the “hand-
shake hypothesis” proposes that thalamocortical axons
use cortical efferent axons as a scaffold to navigate from
the ventral telencephalon to their target, the neocortex
(Molnar and Blakemore, 1995; Molnar et al., 1998).
Diffusible attractant activities have been suggested to
play a role in the guidance of cortical efferent axons to their
intermediate target, the ventral telencephalon. Embryonic
cortical axons orient both in vivo (Richards et al., 1997) and
in vitro (Metin and Godement, 1996; Richards et al., 1997)
toward the developing ventral telencephalon. In vitro as-
says demonstrate that the chemoattractant netrin-1, which
is expressed in the ventral telencephalon at the time corti-
cal axons are extending through it (Serafini et al., 1996;
Metin and Godement, 1996), mimics the ventral
telencephalon-derived, chemoattractant activity (Metin et
al., 1997; Richards et al., 1997). These data suggest that
netrin-1 may contribute to the guidance of cortical axons
into and through the developing ventral telencephalon.
Chemorepellents also have been implicated in the guidance
of forebrain axons. For example, in vitro studies suggest
that a midline-derived, diffusible repellent activity deflects
axons of the olfactory tract laterally (Pini, 1993). Compa-
rable studies examining the potential roles of chemoattrac-
tants and chemorepellents on thalamocortical axon path-
finding have not been reported.
The principal goal of this study was to investigate the
potential contribution of guidance cues, both attractant
and repellent, to thalamocortical axon pathfinding. As a
first step toward this goal, we describe the early trajec-
tory of thalamocortical axons in mice using DiI tracing.
We find that thalamocortical axons do not penetrate the
hypothalamus at any time during development. Instead,
they make a sharp lateral turn near the ventral thalamic–
hypothalamic border and enter the ventral telencephalon.
These in vivo data suggest that the hypothalamus is
repulsive and the ventral telencephalon is attractive for
thalamocortical axons. Supporting these hypotheses, we
find that dorsal thalamic axons are repelled by hypothala-
mus and attracted by ventral telencephalon in vitro. In
addition, our DiI-labeling results confirm and extend
upon previous reports (Metin and Godement, 1996; Mol-
nar et al., 1998) of a scaffold of ventral telencephalic
axons present at the correct time and place to guide
thalamocortical axons through ventral thalamus and the
ventral telencephalon via a contact-mediated mecha-
nism. Together these data suggest that thalamocortical
axons use multiple guidance cues, both diffusible and
contact-mediated, to navigate from the dorsal thalamus
to the neocortex.
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Animals
Embryonic day (E) 12.5 to E15 mice were obtained from timed-
pregnant ICR females (Harlan Sprague–Dawley). Embryos were
staged according to Butler and Juurlink (1987). The day of insemi-
nation was designated E0.
DiI Labeling
Embryo heads were immersion fixed in 4% paraformaldehyde
overnight at 4°C. Brains were bisected along the midline, and
tissues caudal to the diencephalon were removed to expose the
caudal surface of dorsal thalamus. For E12.5 and E13.5 brains, a
solution of the axonal tracer, DiI (1,19-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanine perchlorate; Molecular Probes)
(Honig and Hume, 1989) in dimethylformamide was pressure-
injected into the dorsal thalamus through a glass micropipet.
Multiple injections were made from the caudal and medial aspects
of the dorsal thalamus with the intent of maximizing the number
of thalamocortical axons labeled. For E15 brains, several crystals of
DiI were placed into the dorsal thalamus. Embryos were left in 4%
paraformaldehyde at 30°C for 2 or more weeks to allow the DiI to
transport the full length of the axons. Brains were then embedded
in 3% low-melting-point agar (Seaplaque; FMC Bioproducts), and
100-mm coronal sections were cut using a Vibratome. Sections
were counterstained with a 0.02% solution of the nuclear stain
bisbenzimide (Sigma), and labeled cells and processes were photo-
graphed under rhodamine (DiI) and UV (bisbenzimide) illumina-
tion.
Explant Preparation
Timed-pregnant mice were anesthetized with sodium pentobar-
bital and placed on a thermoregulated heating pad. Abdomens were
sterilized and cesarean-sectioned to expose the uterus. Embryos
(E13.5–E14) were decapitated and the heads transferred to cold L15
medium supplemented with 0.6% glucose (L15–glucose). Brains
were removed from the skulls, embedded in 3% low-melting-point
agar in L15–glucose, and sectioned coronally at 200 mm using a
ibratome. Embryos were processed two to three at a time.
ections in which the internal capsule bridges the diencephalon
nd ventral telencephalon (e.g., Figs. 3B and 3B9) were collected, the
eocortex was removed, and a cut was made between the dien-
ephalon and the ventral telencephalon (Fig. 4A). The resulting two
ieces served as hypothalamic and ventral telencephalic explants.
orsal thalamus was isolated from more caudal sections by making
wo cuts—one through the external medullary lamina/medial
emniscus to remove the ventral thalamus and hypothalamus and
second to remove the epithalamus. The resulting piece of dorsal
halamic tissue was bisected to yield two explants—one lateral and
ne medial.
Collagen Gel Assay
Collagen was extracted from 8- to 10-cm-long, juvenile rat tails.
Collagen solution was prepared by mixing 900 ml of collagen
extract with 100 ml of 103 MEM and 11–18 ml of a 7.5% solution
of sodium bicarbonate. For cocultures, 25 ml of collagen solutionas spread over the center of each well of a four-well dish (Nunc)
nd allowed to gel. Explants were placed onto this base, excess
s of reproduction in any form reserved.
t
n
c
a
a
l
e
n
t
v
p
432 Braisted, Tuttle, and O’LearyL15–glucose was removed, 75 ml of collagen solution was added on
top, and then the explants were positioned 150–300 mm apart. The
orientation of dorsal thalamic explants relative to hypothalamus or
ventral telencephalon was random. Dorsal thalamus was cultured
alone as a control to determine its normal growth in the absence of
any other tissue. We did not coculture dorsal thalamus with an
“irrelevant” test tissue since we found that two distinct tissues,
both of which lie along the in vivo pathway of thalamocortical
axons, elicit opposing effects on extending thalamocortical axons
in vitro (see Results). The collagen was allowed to gel before
addition of 500 ml of DMEM/F12 containing penicillin–
streptomycin, 0.6% D-glucose, 2 mM glutamine, and 5% rat serum.
Analysis of Axon Growth in Vitro
After 1.5 days in a humidified, 37°C, CO2 incubator, cocultures
were photographed using phase-contrast optics. Dorsal thalamic
axon outgrowth was assigned to one of three categories: explants
that had more axon outgrowth either “toward” or “away from” the
test explant or explants that had similar amounts of axon out-
growth on both of these sides and were therefore scored as
“symmetric.” In cases in which dorsal thalamic explants were
cultured alone the left side of the dish was designated away and the
right side toward. Since the hypothalamic and ventral telence-
phalic explants are morphologically distinguishable, scoring of
cocultures could not be done blind. Therefore, two or three
individuals scored the cultures independently. Data were analyzed
statistically using the x2 test.
RESULTS
Characterization of the Initial Trajectory of
Thalamocortical Axons
Dorsal thalamic neurons are generated between E10 and
E13 in mice (Angevine, 1970). By E14 the first thalamocor-
tical axons have reached the neocortex (Bicknese et al.,
1994; Me´tin and Godement, 1996). To define the
thalamocortical axon pathway, these axons were antero-
gradely labeled by placing DiI into the dorsal thalamus of
E12.5–E15 mice. In this paper, the term “ventral telenceph-
alon” refers to a region extending from the ventral surface
of the telencephalon to the lateral ventricle; this region
includes medial, lateral, and caudal ganglionic eminences,
as well as structures ventral to them, such as the caudate
putamen, globus pallidus, and amygdala.
FIG. 2. Thalamocortical axon pathway at E12.5. A rostral-to-caudal
DiI in dorsal thalamus (dTh) (asterisks) showing DiI-labeled neuro
magnification images of boxed areas in A and A9–C9 (A0–C0). At rostr
medial part of ventral telencephalon (vTel) and appears to extend to the
in A0 indicate four retrogradely labeled neurons in the plan
focus. At intermediate and caudal levels, DiI-labeled neurons are pres
Also, at intermediate levels, retrogradely labeled vTel and vTh axons a
(large arrowhead in B9); DiI-labeled vTel axons and TCAs cross the dien
arrowhead in B9). At caudal levels, DiI-labeled axons originating mainl
arrowhead in C0). Also at caudal levels, labeled axons form a fascicle at th
neurons are also apparent in lateral habenula (open arrowhead in C9). Scal
Copyright © 1999 by Academic Press. All rightAt E15, the thalamocortical axon projection is similar to
hat of the adult (Fig. 1). DiI-labeled axons are predomi-
antly thalamocortical, as only a few retrogradely labeled
ells are found in cortex (not shown). Thalamocortical
xons extend ventrolaterally through the ventral thalamus
nd, as they approach the hypothalamus, make a sharp
ateral turn and extend dorsolaterally through ventral tel-
ncephalon to neocortex (Fig. 1). Many retrogradely labeled
eurons are present in the lateral part of the ventral
halamus, and a few are apparent in the medial part of the
entral telencephalon (Fig. 1B, inset). At this age, the
athway of thalamocortical axons through the ventral tel-
-C) series of coronal sections from a single E12.5 brain injected with
d processes (A9–C9), bisbenzimide counterstain (A–C), and higher
els, a broad cluster of retrogradely labeled neurons is present in the
cephalic–telencephalic border (A0 and boxed area in A and A9). Arrows
f focus; other labeled cell bodies are out of the plane of
n the lateral part of the ventral thalamus (vTh; arrows in B0 and C0).
terogradely labeled TCAs extend along the lateral surface of the vTh
alic–telencephalic border at the ventralmost aspect of the vTel (small
neurons in the dorsal part of the vTh extend dorsally into dTh (large
FIG. 1. Trajectory of thalamocortical axons (TCAs) at E15. Coro-
nal section through E15 mouse forebrain showing DiI-labeled
neurons and processes (B and high magnification inset of boxed
area) or bisbenzimide nuclear counterstain (A). Multiple DiI crys-
tals (asterisks) were implanted in the dorsal thalamus (dTh).
Anterogradely labeled TCAs project ventrolaterally in ventral
thalamus (vTh), make a sharp lateral turn (arrowhead) near the
dorsal border of hypothalamus (Hy), and then extend dorsolaterally
through ventral telencephalon (vTel) toward their target, the neo-
cortex (Ctx). Retrogradely labeled neurons are apparent in vTh
(large arrow in B) and vTel (a few indicated with small arrows in B
inset). In Figs. 1–3, only the right half of section is shown; dorsal is
up, midline is to the left. ic, internal capsule. Scale bars: B, 500 mm;
B inset, 50 mm.(A-to
ns an
al lev
dien
e o
ent i
nd an
ceph
y from
e lateral surface of vTh (small arrowheads in C0). Labeled axons and
e bars: A9, 400 mm; A0, 50 mm; B0, 115 mm; C0, 160 mm.
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434 Braisted, Tuttle, and O’Learyencephalon is positioned beneath the proliferative zone of
the ganglion eminence and above a thick “mantle zone”
composed of postmitotic cells.
Labeling patterns were examined at two earlier ages,
E12.5 and E13.5, to determine the extent and disposition of
anterogradely labeled thalamocortical axons and retro-
gradely labeled neurons along their pathway. In E12.5
brains, few thalamocortical axons have entered the ventral
telencephalon, although a projection from ventral telen-
cephalon to (and/or through) dorsal thalamus is evident. A
broad cluster of retrogradely labeled neurons is present in
the medial part of the ventral telencephalon (Figs. 2A–2A0).
hese neurons are likely to be globus pallidus neurons for
everal reasons: they are located in a region that will
evelop into the globus pallidus (Paxinos, 1995), the axons
f globus pallidus neurons have been shown to project to
orsal thalamus and lateral habenula at later ages (Young et
l., 1984; Groenewegen, 1988), and these cells appear to
olocalize with a cell population that expresses Nkx2.1
Tuttle et al., 1999), a marker for the globus pallidus
Shimamura et al., 1995; Olsson et al., 1997; Kohtz et al.,
1998). At E12.5, no labeled axons are apparent lateral to
these retrogradely labeled neurons. However, medial to the
neurons a discrete bundle of DiI-labeled axons extends from
the ventralmost aspect of the ventral telencephalon into the
diencephalon near the ventral thalamic–hypothalamic bor-
der (Figs. 2B–2B0). These axons originate predominantly
from ventral telencephalic neurons.
In the ventral part of ventral thalamus, a discrete fascicle
of labeled axons is present on the lateral surface, lateral to
retrogradely labeled ventral thalamic neurons (Figs. 2C9 and
2C0). In the dorsal part of ventral thalamus, labeled axons
are less fasciculated and project through retrogradely la-
beled neurons (Figs. 2C9 and 2C0). Thus, the DiI-labeled
axons in ventral thalamus consist of retrogradely labeled
axons of ventral thalamic and ventral telencephalic neu-
rons. It is also likely that a proportion of the DiI-labeled
axons in ventral thalamus are anterogradely labeled
thalamocortical axons, as dorsal thalamic neurons in mice
are generated between E10 and E13 (Angevine, 1970), and
are therefore likely to have initiated axons by E12.5. The
DiI-labeled neurons are likely to be reticular thalamic and
zona incerta neurons, as both of these nuclei have been
shown to project to dorsal thalamus. Neurons of the ventral
lateral geniculate nucleus, which project to pretectum and
superior colliculus, have axons that pass through dorsal
thalamus (Ricardo, 1981; Jones, 1985) and therefore might
also be retrogradely labeled by the DiI injections. However,
at these early ages, identification of ventral thalamic nuclei
by histological criteria is difficult. In summary, at E12.5,
few thalamocortical axons project into ventral telencepha-
lon, although the axons of ventral telencephalic and ventral
thalamic neurons extend along the lateral aspect of ventral
thalamus and enter dorsal thalamus.
In E13.5 brains, many thalamocortical axons project into
ventral telencephalon. A tight fascicle of thalamocortical
axons is present on the lateral surface of the ventral
Copyright © 1999 by Academic Press. All rightthalamus (Fig. 3C9). The axon bundle extends lateral to as
well as through retrogradely labeled neurons in the dorsal
part of ventral thalamus (Fig. 3C9), but extends lateral to
retrogradely labeled neurons in the ventral part of ventral
thalamus (Fig. 3C9). As the axon bundle approaches the
ventral thalamic–hypothalamic border, it turns laterally
and extends into ventral telencephalon (Fig. 3B9), but does
not reach neocortex (Fig. 3A9). Retrogradely labeled ventral
telencephalic neurons are apparent at the distal tips of the
labeled axons (Fig. 3A9, inset), but appear to be less numer-
ous than at E12.5 (Fig. 2A0). Thus, the tightly fasciculated
bundle of DiI-labeled axons in the ventral telencephalon
and ventral thalamus must consist predominantly of an-
terogradely labeled thalamocortical axons, in addition to a
few retrogradely labeled axons of ventral telencephalic, and
possibly ventral thalamic, neurons. At E13.5, cells of the
ventral telencephalic mantle zone lay both dorsal and
ventral to the path of thalamocortical axons forming the
internal capsule (Fig. 3B).
These findings indicate that thalamocortical axons do not
extend into the hypothalamus, but instead make a sharp
lateral turn at or near its dorsal border to enter the ventral
telencephalon. The thalamocortical axon pathway from
dorsal thalamus through the medial aspect of the ventral
telencephalon is coincident with the axons of ventral tel-
encephalic neurons that project to dorsal thalamus, and at
the early time points examined (E12.5 and E13.5), ventral
telencephalic neurons labeled from dorsal thalamus are
found in front of the advancing thalamocortical axons. In
contrast, it appears that most of the axons and cell bodies of
ventral thalamic neurons that project into dorsal thalamus
lie medial to the thalamocortical axon path. Our data
indicate that the first thalamocortical axons reach ventral
telencephalon around E12.5 and that a substantial number
of axons arrive over the next day. The first thalamocortical
axons appear to turn and extend into the ventral telenceph-
alon at its ventral surface. However, by E13.5, a large
population of cells is interposed between the thalamocorti-
cal axon pathway and the ventral surface of the ventral
telencephalon, presumably as the result of cell migration
that occurs subsequent to the extension of the early
thalamocortical axons.
Chemoattractant and Chemorepellent Activities
Are Expressed by Tissues along the
Thalamocortical Axon Pathway
Our in vivo data demonstrate that thalamocortical axons
extending along the lateral surface of the ventral thalamus
fail to continue along the lateral surface of the hypothala-
mus and instead make a sharp lateral turn into the ventral
telencephalon. We therefore hypothesized that the lateral
hypothalamus and the medial part of the ventral telenceph-
alon express repellent and attractant activities, respec-
tively, that promote the turning of thalamocortical axons
away from the hypothalamus and into the ventral telen-
cephalon. To test this hypothesis, we carried out collagen
s of reproduction in any form reserved.
DiI-labeled TCAs can be traced from their origin in the dTh to an
area approximately midway through the ventral telencephalon
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Copyright © 1999 by Academic Press. All rightgel assays using explants from E13.5–E14 mice, ages at
which thalamocortical axons are making this pathfinding
decision in vivo. Explants of dorsal thalamus were cocul-
tured adjacent to the lateral surface of the hypothalamus or
the medial surface of the ventral telencephalon (Fig. 4A).
Axon outgrowth was analyzed as described in Fig. 4B (also
see Materials and Methods).
In dorsal thalamic–hypothalamic cocultures, dorsal tha-
lamic axon outgrowth is biased away from the hypothala-
mus (Figs. 4D and 4F): 55% of the dorsal thalamic explants
have more axon outgrowth on the side facing away from the
hypothalamus, and only 12% have more axon outgrowth on
the side facing toward the hypothalamus. In contrast, in
dorsal thalamic–ventral telencephalic cocultures, dorsal
thalamic axon outgrowth is biased toward the ventral
telencephalon (Figs. 4E and 4F): 55% of the dorsal thalamic
explants have more axon outgrowth on the side facing
toward the ventral telencephalon, and only 14% have more
axon outgrowth on the side facing away from the ventral
telencephalon. When dorsal thalamic explants are cultured
alone as a control, axon outgrowth is not biased: 52% of the
explants have symmetric axon outgrowth (Figs. 4C and 4F);
the remainder are divided evenly between away (left side of
dish) and toward (right side of dish) categories. The biases in
axon growth observed in the cocultures are statistically
significant (see legend to Fig. 4). Thus the hypothalamus
releases a diffusible activity that repels dorsal thalamic
axons, and the ventral telencephalon releases a diffusible
activity that attracts them.
DISCUSSION
The data presented here suggest that a variety of guidance
cues, contact-mediated and diffusible, attractant and repel-
lent activities, may act to control the pathfinding of
thalamocortical axons. The localization of these potential
guidance cues relative to the path of thalamocortical axons
within the developing forebrain is summarized in Fig. 5.
(vTel; arrowhead in A9). At rostral levels, retrogradely labeled vTel
neurons are apparent just lateral to the TCAs (boxed area in A and
A9, arrows in A9 inset); their axon pathway is coincident with that
of TCAs. At intermediate levels, DiI-labeled TCAs and vTel axons
form a bundle at the ventral telencephalic–diencephalic junction,
near the ventral thalamic–hypothalamic border (arrowhead B9). In
the lateral part of ventral thalamus (vTh), DiI-labeled axons and
retrogradely labeled neurons are apparent (representative neurons
indicated with arrows A9 to C9). In the dorsal part of vTh, the TCAs
project through retrogradely labeled neurons (black arrowhead in
C9). TCAs form a tight fascicle on the surface of the ventral part of
the vTh (white arrowhead in C9), lateral to retrogradely labeledFIG. 3. Trajectory of thalamocortical axons at E13.5. A rostral-to-
caudal (A-to-C) series of coronal sections from a single E13.5 brain
injected with DiI in dorsal thalamus (dTh; asterisks) showing
DiI-labeled cells and processes (A9–C9), or bisbenzimide counter-
stain (A–C). (A9 inset) Higher magnification of boxed area in A9.neurons. Scale bars: A9 inset, 25 mm; C9, 500 mm. ic, internal
capsule.
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436 Braisted, Tuttle, and O’LearyPotential Role for a Ventral Telencephalic Axonal
Scaffold in Thalamocortical Axon Pathfinding
We show that ventral telencephalic neurons, probably
belonging to the globus pallidus, project axons into the
dorsal thalamus before, or near, the time at which the first
thalamocortical axons reach the ventral telencephalon. We
also show that this ventral telencephalic axonal projection
appears to coincide spatially with the oppositely extending
thalamocortical axons. A previous study by Metin and
Godement (1996) similarly showed that neurons in the
ventral telencephalon of E11.5–12.5 hamster are retro-
gradely labeled from dorsal thalamus. They suggested that
these labeled neurons may be perireticular cells, similar to
those previously reported to be retrogradely labeled from
dorsal thalamus in postnatal, but not embryonic, rats
(Mitrofanis and Baker, 1993) and ferrets (Mitrofanis,
1994a,b). However, the recent study of Molnar et al. (1998)
describes ventral telencephalic cells positioned within the
FIG. 4. Dorsal thalamic axon growth is influenced in vitro by chem
thalamocortical axon pathway. (A) Explants of dorsal thalamus (dTh
from the lateral surface of hypothalamus (dTh–Hy) or the medial su
from living sections of E13.5–E14 diencephalon; dTh explants wer
area indicates thalamocortical axon projection. (B) For analysis of a
four quadrants relative to the test explant (dashed lines). Dorsal th
from (A) the test tissue were compared (for details, see Materials an
(left side of the dish was designated away, and the right side towar
and toward vTel (E). (F) Quantification of dTh axon responses. D
compared to either dTh–Hy or dTh–vTel cocultures (P , 0.02 and 0
ignificantly different from that in dTh–vTel cocultures (P , 0.0001
cale bar, 200 mm.nascent internal capsule that can be retrogradely labeled
from dorsal thalamus in E14 rats, which is developmentally
C
M
Copyright © 1999 by Academic Press. All rightquivalent to E12.5 mouse, the earliest age that we have
xamined.
There are a number of differences between our findings in
ouse and those of Me´tin and Godement (1996) in hamster
nd Molnar et al. (1998) in rat. We find a substantially
reater number of cells in the ventral telencephalon retro-
radely labeled from dorsal thalamus, and these cells have a
roader mediolateral distribution extending to the dience-
halic border. Further, these neurons are likely to be part of
he globus pallidus (see Tuttle et al., 1999). Nonetheless,
he spatial and temporal features of the axonal projection of
he ventral telencephalic neurons described by all three
tudies (present study, mouse; Me´tin and Godement (1996),
amster; Molnar et al. (1998), rat), are consistent with the
dea that this axonal projection, and possibly in addition the
ell bodies themselves, may act as a scaffold to guide
halamocortical axons through the developing ventral thal-
mus and the medial part of the ventral telencephalon.
ractant and chemorepellent activities released by tissues along the
re cultured for 1.5 days in collagen gels either alone or at a distance
e of ventral telencephalon (dTh–vTel). Hy and vTel were dissected
ected from sections caudal to the level illustrated. Darkly shaded
outgrowth, the area surrounding the dTh explant was divided into
ic axon outgrowth from the quadrants facing toward (T) and away
thods). (C) dTh cultured alone exhibited unbiased axon outgrowth
owever, axon outgrowth from dTh was directed away from Hy (D)
axon outgrowth was significantly different when cultured alone
respectively). DTh axon outgrowth in dTh–Hy cocultures was also
values are in parentheses. (Ctx, neocortex; vTh, ventral thalamus.)oatt
) we
rfac
e diss
xon
alam
d Me
d). H
Th
.04,onsistent with this suggestion, in mice deficient for
ash-1, this population of ventral telencephalic cells ap-
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437Thalamocortical Axon Pathfindingpears to be missing and thalamocortical axons fail to extend
into the ventral telencephalon (Tuttle et al., 1999).
Ventral Telencephalic Chemoattractant Activity
Our in vitro data suggest that at least a part of the medial
aspect of the ventral telencephalon releases a diffusible
attractant activity for thalamocortical axons. We propose
that in vivo this ventral telencephalic chemoattractant,
together with the hypothalamic chemorepellent, promotes
the turning of thalamocortical axons away from hypothala-
mus and into the ventral telencephalon. The present study
provides the first evidence that the ventral telencephalon
produces a chemoattractant for dorsal thalamic axons.
Previous studies have reported that the neocortex releases a
soluble trophic activity that stimulates the outgrowth of
dorsal thalamic axons in vitro (Blakemore and Molnar,
FIG. 5. Schematic of a coronal section showing the early pathway
of thalamocortical axons from dorsal thalamus (dTh) into ventral
telencephalon (vTel), relative to the localization of potential axon
guidance cues identified in this study. Axons (TCAs; red lines) of
dTh neurons (red dots) extend ventrally and laterally through
ventral thalamus (vTh). Near the border between vTh and hypo-
thalamus (Hy), TCAs make a sharp, lateral turn and extend into the
vTel. Axons (blue lines) from neurons (blue dots) in vTel project
into dTh; their trajectory appears to coincide with the TCA
trajectory. The axons of the vTel neurons may function as a
scaffold to direct TCAs through vTh and medial vTel. In vitro
studies indicate that the Hy releases a chemorepellent (purple 2)
and the vTel releases a chemoattractant (green 1) for TCAs. We
propose that these guidance activities may promote the turning of
TCAs away from the Hy and into the vTel.1990; Rennie et al., 1994; Lotto and Price, 1995). In these
studies, axon outgrowth was enhanced from all sides of the
Copyright © 1999 by Academic Press. All righthalamic explant, but was often densest from the side facing
he cortical explant, presumably because the concentration
f the activity was greater on that side even though two-
imensional substrates were used rather than collagen gels.
olnar and Blakemore (1995) have suggested that this
ortical-derived trophic activity might diffuse long dis-
ances not only to promote the initiation of dorsal thalamic
xon extension, but also to provide a directional cue for the
rowth of these axons toward the nascent internal capsule
i.e., ventral telencephalon).
Netrin-1, a well-characterized chemoattractant (Serafini
t al., 1994; Kennedy et al., 1994), is a potential candidate
or the ventral telencephalic chemoattractant activity.
etrin-1 is expressed in the ventral telencephalon at the
ime thalamocortical axons are navigating through it (Se-
afini et al., 1996; Me´tin et al., 1997) and has been shown in
itro to act as a chemoattractant for axonal populations that
roject toward the ventral midline (Kennedy et al., 1994;
hirasaki et al., 1995, 1996), as well as for retinal (Deiner et
al., 1997) and cortical axons (Me´tin et al., 1997; Richards et
al., 1997). In collagen gels, embryonic rodent cortical ex-
plants show biased axon outgrowth toward tissues express-
ing netrin-1, including ventral telencephalon and floor
plate, as well as netrin-1-transfected cells (Me´tin et al.,
1997; Richards et al., 1997). Analyses of netrin-1-deficient
mice (Serafini et al., 1996; Deiner et al., 1997), and mice
acking DCC (Fazeli et al., 1997; Deiner et al., 1997), a
netrin-1 receptor that mediates its attractant effects (Keino-
Masu et al., 1996), indicate that netrin-1 is required for the
proper pathfinding of a number of axonal populations in
vivo. However, DCC is expressed at only low levels in a
restricted part of dorsal thalamus (Gad et al., 1997), and
preliminary analyses of netrin-1- and DCC-deficient mice
indicate that thalamocortical axons turn properly as they
approach the hypothalamus and extend into the ven-
tral telencephalon (Braisted, Catalano, Stimac, Tessier-
Lavigne, Shatz, and O’Leary, unpublished observations).
Defects are apparent in these mice, but they occur at points
more distal in the thalamocortical axon pathway than the
pathfinding decision point addressed in the current study.
For example, the path of thalamocortical axons through the
ventral telencephalon is narrower than normal. Thus, if
netrin-1 can act as a ventral telencephalic chemoattractant
for thalamocortical axons, it must be only one of multiple
guidance cues for thalamocortical axons and is not required
for their proper turning away from the hypothalamus and
into the ventral telencephalon.
Hypothalamic Chemorepellent Activity
Our in vitro data suggest that the hypothalamus releases
a diffusible activity that can repel thalamocortical axons at
a distance. We suggest that this repellent activity promotes
the sharp turning of thalamocortical axons as they approach
the hypothalamus and, by acting in concert with other cues,
promotes their extension laterally into ventral telencepha-
lon. If the hypothalamic activity is diffusible, why do
s of reproduction in any form reserved.
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the repellent activity in vivo, growing up the putative
repellent gradient emanating from the hypothalamus, be-
fore turning to grow into the ventral telencephalon? One
possibility is that the repellent gradient is effective only
very near the hypothalamus, because it either can diffuse
only a short distance in vivo (or possibly not at all) or is
present at an effective concentration only near its source.
Alternatively, thalamocortical axons may approach the
hypothalamus before an effective concentration gradient is
established, or the response of thalamocortical axons to the
repellent activity may have a late onset or require prolonged
exposure. Another possibility is that the repellent activity
by itself is insufficient to cause the turning of thalamocor-
tical axons in vivo, and additional cues, such as the attract-
ant activity or axonal scaffold originating in ventral telen-
cephalon, are required to complement it.
A previous study has demonstrated that the rat and
mouse hypothalami are repulsive for retinal axons (Tuttle
et al., 1998). In that study, we suggested that the repellent
activity prevents retinal axons from invading the hypo-
thalamus and, in conjunction with other cues, causes them
to course over its surface in a tight fascicle. In the present
study, we suggest that the repellent activity helps direct
thalamocortical axon growth away from the hypothalamus.
This difference in axon behavior is likely due to the
presence of other cues that in sum lead to different behav-
iors exhibited by retinal and thalamic axons, but could also
in part be due to different sensitivities of these axons to the
repellent activity, or, alternatively, that the repellent activi-
ties defined for retinal and thalamic axons are due to two
distinct molecules with different distributions.
Semaphorin III/D (semaIII/D) and netrin-1 have been
characterized as axonal chemorepellents (Tessier-Lavigne
and Goodman, 1996; Mark et al., 1997). The ephrins have
also been shown to be axon repellents (O’Leary and Wilkin-
son, 1999), but they require cell attachment for function
and cannot act in a soluble form unless artificially clustered
(Davis et al., 1994)—thus they cannot account for the
soluble hypothalamic repellent activity that we have iden-
tified. Netrin-1, a bifunctional guidance molecule (Co-
lamarino and Tessier-Lavigne, 1995), is an unlikely candi-
date for the hypothalamic repellent acting on
thalamocortical axons on the basis of its expression pattern
(Serafini et al., 1996). On the other hand, expression data
and functional studies suggest that semaIII/D is a potential
candidate for the hypothalamic chemorepellent. Although
expression data are limited, semaIII/D is reported to be
expressed in the developing hypothalamus (Zhou et al.,
1997), and preliminary findings indicate that semaIII/D can
collapse growth cones of dorsal thalamic axons (Bagnard et
al., 1996). However, neuropilin-1 and -2, receptors for
semaIII/D (He and Tessier-Lavigne, 1997; Kolodkin et al.,
1997), do not appear to be present in embryonic dorsal
thalamus (Kawakami et al., 1996; Chen et al., 1997), al-
though it is possible that other semaIII/D receptors have yet
to be identified (Feiner et al., 1997; Koppel et al., 1997). If
C
Copyright © 1999 by Academic Press. All rightsemaIII/D is a hypothalamic repellent, it must be only a
nonessential contributor to the turning of thalamocortical
axons as they approach the hypothalamus since analyses of
mice deficient for semaIII/D (Behar et al., 1996) indicate
that thalamocortical axon pathfinding is normal in its
absence (Catalano et al., 1998).
Conclusion
In conclusion, we have identified a chemorepellent activ-
ity released by the hypothalamus and a chemoattractant
activity released by the ventral telencephalon that influ-
ence thalamocortical axon growth in vitro. These activities
are localized to a critical juncture in the pathway of
thalamocortical axons, where they make an abrupt turn
away from the hypothalamus to extend laterally into the
ventral telencephalon. It will be of importance to undertake
future studies to identify the molecules responsible for
these activities, which likely cooperate to turn thalamocor-
tical axons. In addition, our findings suggest that ventral
telencephalic neurons, and their axons that extend into the
dorsal thalamus, may form a scaffold that helps to guide
thalamocortical axons over this portion of their pathway
through a contact-mediated mechanism. A definitive test of
the role of this potential scaffold in thalamocortical axon
guidance may pose a significant challenge.
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